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ABSTRACT
We analyze possible lepton-flavor-violating decays of the Z0 particle in a minimal
extension of the Standard Model, in which one right-handed neutral field for each family
has been introduced. Such rare leptonic decays are induced by Majorana neutrinos at the
first electroweak loop level and are generally not suppressed by the ordinary ”see-saw”
mechanism. In particular, we find that experimental bounds on branching ratios of the
order of 10−5 − 10−6 attainable at LEP may impose constraints on lepton-flavor-mixing
parameters and the masses of the heavy Majorana neutrinos.
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Many theoretical scenarios have recently been proposed for the production and the
lepton-number-violating decay of heavy Majorana neutrinos at accessible accelerator ener-
gies [1,2,5]. A low-energy realization of these theories could be the Standard Model (SM)
with one right-handed neutrino field per family [4]. Such a three-generation ”see-saw”
model [3] can theoretically provide small Majorana masses for the ordinary neutrinos,
relatively light masses for the heavy ones (e.g. of the order of 100 GeV), as well as large
light-heavy neutrino mixings (i.e. ξνN ≃ 0.1) [2]. This possibility was systematically
investigated in [5] and the notation given there will be used throughout this note. In
this minimal class of models some interesting phenomenological applications to possible
lepton-flavor-violating H0 decays have recently been presented [6]. In this note, however,
we will calculate branching ratios of leptonic flavor-changing decays of the Z0 particle,
i.e. Z0 → eτ or µτ , in this minimal class of models. For realistic samples of 106− 107 Z0
decays at LEP , one would be sensitive to branching ratios of the order of 10−5 − 10−6.
We find that branching ratios of this order of magnitude could be easily understood
within such minimal models. Of course, alternative theoretical models exhibiting lepton-
flavor-nonconservation in Z0 decays, have been proposed over the years [7,8]. We briefly
comment on the results of some of these calculations.
As has been extensively discussed in [5], in the Feynman-’t Hooft gauge the relevant
couplings of Majorana neutrinos ni (with i = 1, 2 . . . , 2nG) to the W
±, Z0 and Goldstone
bosons χ± are written down in terms of mass eigenstates as follows:
LWint = −
gW
2
√
2
W−µ l¯i Blijγµ(1− γ5) nj + h.c. (1)
LZint = −
gW
4 cos θW
Z0µ n¯iγµ[iIm(Cij) − γ5Re(Cij)]nj (2)
Lχint = −
gW
2
√
2MW
χ− l¯i [mliBlij(1− γ5) − Blij(1 + γ5)mnj ] nj + h.c. (3)
where Blij is a rectangular nG × 2nG matrix given by
Blij =
nG∑
k=1
V llikU
ν∗
kj (4)
and Cij is in general a nondiagonal 2nG × 2nG projection matrix defined by
Cij =
nG∑
k=1
UνkiU
ν∗
kj (5)
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In eqs (4) and (5), V l and Uν are the corresponding Cabbibo-Kobayashi-Maskawa (CKM)
matrix for the leptonic sector and the unitary matrix which diagonalizes the symmetric
”see-saw” neutrino mass matrix, respectively.
In this low-energy model, Majorana neutrinos can give rise to flavor-changing neutral
current effects in the leptonic sector at the first electroweak loop level. The Feynman
diagrams responsible for the decay process Z0 → l1 l¯2 (l1 6= l2) are shown in figs (1a)–
(1k). Before we proceed to list their individual contributions to the above leptonic rare
decays, we first introduce some useful abbreviations:
CUV =
1
ε
− γE + ln 4pi − lnM
2
W
µ2
(6)
∆ij =
igWαW
8pi cos θW
Bl1iB
∗
l2j
u¯l1γµ(1− γ5)vl2 εµZ (7)
λi =
m2ni
M2W
, λZ =
M2Z
M2W
(8)
We also work in the massless limit for the external leptons. Then, the results for the
different contributing graphs to the decay Z0 → l1 l¯2 are obtained in the on-shell renor-
malization scheme [9] by the following expressions:
iΓa =
1
2
∆ij

Cij

 1∫
0
dxdy y lnB2(λi, λj) − λZ
1∫
0
dxdy y
B2(λi, λj)
[1− y + y2x(1− x)]


+ C∗ij
√
λiλj
1∫
0
dxdy y
B2(λi, λj)

 (9)
iΓb = − 1
4
∆ij

Cijλiλj
1∫
0
dxdy y
B2(λi, λj)
+ C∗ij
√
λiλj
[
1
2
CUV − 1
2
+ λZ
1∫
0
dxdy y3x(1− x)
B2(λi, λj)
−
1∫
0
dxdy y lnB2(λi, λj)
]
 (10)
iΓc = − ∆ii

λZ
1∫
0
dxdy
B1(λi)
y2[1− yx(1− x)] + 3 cos2 θW
1∫
0
dxdy y lnB1(λi)

 (11)
iΓd =
1
8
∆ii(1− 2 sin2 θW )λi

 CUV − 2
1∫
0
dxdy y lnB1(λi)

 (12)
3
iΓe + iΓf = − ∆ii sin
2 θW
cos θW
λi
1∫
0
dxdy y
B1(λi)
(13)
iΓg + iΓj =
1
4
∆ii(1− 2 sin2 θW )
[
λi
1− λi +
λ2i lnλi
(1− λi)2
]
(14)
iΓh + iΓk = − 1
8
∆ii(1− 2 sin2 θW ) λi
[
CUV +
3
2
− 1
1− λi −
λ2i lnλi
(1− λi)2
]
(15)
Above, the summation convention is assumed for repeated indices, which run over all
the Majorana neutrino mass-eigenstates ni. Also, the functions B1(λi) and B2(λi, λj)
appearing in eqs (9)–(13) are defined as
B1(λi) = (1− y)λi + y[1− λZ yx(1− x)] (16)
B2(λi, λj) = 1− y + y[xλi + (1− x)λj − λZ yx(1− x)] (17)
Notice that the UV divergences are mass-dependent expressions and vanish when all
the diagrams are added together. To make this explicit, we list the following useful
identities [5,6]:
2nG∑
i=1
Bl1iB
∗
l2i
= δl1l2 (18)
2nG∑
i=1
BliCij = Blj (19)
2nG∑
i=1
mniBliC
∗
ij = 0 (20)
nG∑
k=1
B∗lkiBlkj = Cij (21)
2nG∑
i=1
mniBl1iBl2i = 0 (22)
Analytically, eq. (18) represents the generalized version of the GIM mechanism which re-
sults in the cancellation of the mass-indepedent UV divergences in the graphs (1a), (1c),
(1g) and (1j). The diagram (1d) cancels the UV pole of (1h) and (1k), while the UV con-
stant in eq. (10) vanishes due to eq. (20). As a result of these cancellations, the transition
amplitude for Z0 → l1l¯2 will be finite. Another consequence of the identities (18)–(22) is
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that they enormously reduce the number of independent mixing parameters Blj and Cij.
Thus, in our numerical analysis we make use of the fact that
Bl1iB
∗
l2i
F (λi) = Bl1NiB
∗
l2Ni
[F (λNi)− F (0)] (23)
Bl1iCijB
∗
l2j
G(λi, λj) = Bl1NiB
∗
l2Nj
{
CNiNj
[
G(λNi, λNj)−G(λNi, 0)−G(0, λNj)
+G(0, 0)
]
+ δNiNj
[
G(λNi, 0) +G(0, λNi)−G(0, 0)
]}
(24)
For the sake of illustration, we shall restrict our discussion to a two generation model
in the following. Employing eqs (18)–(22), we find the following useful relationships among
the different CKM-mixing combinations:
Bl1N2B
∗
l2N2
=
mN1
mN2
Bl1N1B
∗
l2N1
, Bl1N2CN2N2B
∗
l2N2
=
m2N1
m2N2
Bl1N1CN1N1B
∗
l2N1
(25)
Bl1N1C
∗
N1N2
B∗l2N2 = Bl1N2C
∗
N2N1
B∗l2N1 = −
mN1
mN2
Bl1N1CN1N1B
∗
l2N1
(26)
Bl1N1CN1N2B
∗
l2N2
= Bl1N2CN2N1B
∗
l2N1
=
mN1
mN2
Bl1N1CN1N1B
∗
l2N1
(27)
In order to pin down numerical predictions, we can estimate CN1N1 by using Schwartz’s
inequality in eq. (21), namely
CN1N1 ≥ 2|Bl1N1B∗l2N1 | (28)
Then, in this illustrative two generation model we are left with only one free mixing
parameter; the CKM-mixing combination ζ = Bl1N1B
∗
l2N1
. In the e − µ system, this
quantity is strongly constrained to be ζ ≤ 3 10−3 from the non-observation of the decay
mode µ → eγ [10]. Constraints referring to e − τ or µ − τ system are, however, much
weaker and allow for mixing values of ζ ≤ 10−1 [11].
In the heavy neutrino limit (e.g. mN1 ≃ mN2 ≃ mN ≫ MZ) the amplitude A for
the lepton-flavor-violating decay of the Z0 behaves like
A(Z0 → l1 l¯2) ≃ − igWαW
16pi cos θW
ζ2
m2N
M2W
u¯l2γµ(1− γ5)vl1 εµZ (29)
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From this we can get a first estimate for the branching ratio of the rare decays,
Br(Z0 → l1 l¯2 + l¯1l2) ≃ α
3
W
192pi2 cos2 θW
MZ
ΓZ
ζ4
m4N
M4W
(30)
where ΓZ denotes the total decay width of the Z
0 boson, given by the central value
ΓZ = 2.534 GeV [12]. For a given fixed value of ζ , eq. (30) shows a dramatic fourth power
depedence of the heavy neutrino mass mN . In table 1 we present the numerical results for
an exact numerical computation of the branching ratios Br(Z0 → l1l2), using a value of
ζ = 0.05. We can readily see that experimental bounds on Br(Z0 → eτ, µτ) of the order
of 10−5− 10−6 [12] lead to combined constraints on the lepton-flavor-mixing parameter ζ
and the heavy neutrino mass mN . In fig. (2) we show the results of such an analysis for
two nearly degenerate neutrinos. However, we have also checked that the numerical re-
sults do not show any essential change when one considers large mass differences between
the two heavy Majorana neutrinos. In that case, mN in fig. (2) indicates the mass of the
lightest heavy Majorana neutrino.
At this point an additional remark on the heavy neutrino masses is in order. For
a fixed value of the mixing parameter ζ , the heavy neutrino mass cannot be arbitrarily
large, since mN is contrained by the requirement of pertubative unitarity. We can safely
estimate this unitarity bound by imposing the inequality condition ΓN/mN ≤ 1/2, where
ΓN is the width of the heavy neutrino N . As calculated in [5], we obtain the inequality
mN ≤ 2MW
√
1
αW ζ
(31)
It should be also emphasized that, unlike the leptonic flavor-changing Z0 decays, the rare
decays µ→ eγ or τ → µγ show a constant behavior with increasing heavy neutrino mass
in most theories. This can be attributed to the fact that the Feynman graph (1b), which
gives the crucial m2N -depedence in eq. (29), is absent when the Z
0 boson is replaced by a
photon.
It is also important to notice that similar strong mass depedence of the transition
amplitude (i.e. eq. (29)) has previously been observed in the quark sector in Z0 decays [13],
e.g. in Z0 → bb¯, Z0 → bs¯, where the top quark plays the role of the heavy neutrinos. This
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strong mass depedence will be a common feature for theories based on the spontaneous
symmetry breaking mechanism. In ref. [8], the possibility of lepton-flavor-changing Z0
decays was studied in a superstring inspired SM . The enhancement effect due to inter-
mediate heavy neutrinos should be also present in that model, if terms proportional to
ζ2 m2N/M
2
W are not neglected and the whole pertubatively allowed parameter space is
considered.
In conclusion, we have explicitly demonstrated that SU(2) ⊗ U(1) models with
more than one right-handed neutrino can theoretically account for sizeable lepton-flavor-
nonconservation effects at the Z0 peak. Another attractive theoretical feature of these
models is that such rare leptonic Z0 decays are generally not suppressed by the usual
”see-saw” mechanism. Obviously, an improvement of the current experimental limits
on possible non-universality effects in the tau lifetime [14] and on Br(Z0 → τe or τµ)
provides a possibility of imposing upper bounds on the masses of the heavy Majorana
neutrinos.
Acknowledgements. One of us (A.P.) wishes to thank T. Yanagida, G. Zoupanos,
Z. Berezhiani, B. Kniehl and C. Greub for useful conversations during the DESY workshop
(1992), where a relevant talk on this issue was given. We also thank M. M. Tung for a
critical reading of the manuscript.
7
References
[1] M. Gourdin and X. Y. Pham, Nucl. Phys. B164 (1980) 387;
F. del Aguila, E. Laermann and P. M. Zerwas, Nucl. Phys. B297 (1988) 1;
C. Jarlskog, Phys. Lett. B241 (1990) 579;
C. T. Hill, M. A. Luty and E. A. Paschos, Phys. Rev. D43 (1991) 3011;
D. A. Dicus and P. Roy, Phys. Rev. D44 (1991) 1593;
W. Buchmu¨ller and C. Greub, Phys. Lett. B256 (1991) 465; Nucl. Phys.B363 (1991)
345; and references therein.
[2] W. Buchmu¨ller and D. Wyler, Phys. Lett. B249 (1990) 458;
A. Datta and A. Pilaftsis, Phys. Lett. B278 (1992) 162.
[3] T. Yanagida, Proc. of Workshop on Unified Theory and Baryon Number of the Uni-
verse, eds O. Swada and A. Sugamoto, (KEK, 1979) p. 95;
M. Gell-Mann, P. Ramond and R. Slansky, Supergravity, eds P. van Nieuwenhuizen
and D. Friedman (North-Holland, Amsterdam, 1979) p. 315.
[4] J. Schechter and J. W. F. Valle, Phys. Rev. D22 (1980) 2227.
[5] A. Pilaftsis, Z. Phys. C55 (1992) 275.
[6] A. Pilaftsis, Phys. Lett. B285 (1992) 68;
J. G. Ko¨rner, A. Pilaftsis and K. Schilcher, Mainz preprint in 1992, MZ-TH/92-30-
rev.
[7] T. K. Kuo and N. Nakagawa, Phys. Rev. D32 (1985) 306;
G. Eilam and T. G. Rizzo, Phys. Lett. B188 (1987) 91;
M. J. S. Levine, Phys. Rev. D36 (1987) 1329;
8
J. Bernabe´u and A. Santamaria, Phys. Lett. B197 (1987) 418;
F. Gabbiani, J. H. Kim and A. Masiero, Phys. Lett. B214 (1988) 398.
[8] J. Bernabe´u, A. Santamaria, J. Vidal, A. Mendez and J. W. F. Valle, Phys. Lett.
B187 (1987) 303.
[9] See e.g., K. Aoki etal., Supl. of the Progr. of Theor. Phys. 73 (1982) 1.
[10] For example, A. Acker and S. Pakvasa, Mod. Phys. Lett. A7 (1992) 1219.
[11] P. Langacker and D. London, Phys. Rev. D38 (1988) 886.
[12] Review of Particle Properties, Phys. Rev. D45 (1992) S1.
[13] See for example, M. Clements etal., Phys. Rev. D27 (1983) 570;
J. Bernabe´u, A. Pich and A. Santamaria, Nucl. Phys. B363 (1991) 326.
[14] See e.g., M. Shin and D. Silverman, Phys. Lett. B213 (1988) 379; some relevant
discussion on this issue is also given in [12].
9
Figure and Table Captions
Fig. 1: Feynman graphs responsible for the effective Z0 − l1 − l2 coupling (l1 6= l2)
in the Feynman–’t Hooft gauge.
Fig. 2: Theoretical bounds on the mass of the heavy Majorana neutrinomN and the
CKM mixing combination ζ = Bl1NB
∗
l2N
in a two generation model. These
bounds result from the following requirements: (i) Br(Z0 → l¯1l2 + l1 l¯2) ≤
10−5 (solid line), (ii) Br(Z0 → l¯1l2 + l1l¯2) ≤ 10−6 (dashed line), (iii) the
validity of pertubative unitarity (i.e. ΓN/mN ≤ 1/2) (dash-dotted line). The
area lying to the right of the curves is not allowed due to the conditions
mentioned above.
Tab. 1: Numerical results of leptonic flavor-changing Z0 decays in a two generation
model. We have further assumed that mN1 ≃ mN2 and ζ = Bl1N1B∗l2N1 =
0.05.
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Table 1
mN [TeV] Br(Z
0 → l¯1l2 + l1 l¯2)
0.5 3.4 10−8
1. 3.4 10−7
2. 3.6 10−6
3. 1.6 10−5
4. 4.7 10−5
5. 1.1 10−4
6. 2.3 10−4
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